The aim of this investigation was to examine the adaptation of the muscle phosphates (e.g. PCr and ADP) implicated in regulating oxidative phosphorylation, and oxygenation at the onset of high intensity exercise in children and adults. The hypotheses were threefold: primary PCr kinetics would be faster in children than adults; the amplitude of the PCr slow component would be attenuated in children; and the amplitude of the HHb slow component would be reduced in children. Eleven children (5 girls, 6 boys, 13 1 yrs) and 11 adults (5 women, 6 men, 24 4 yrs) completed two to four constant work rate exercise tests within a 1.5 T MR scanner. Quadriceps muscle energetics during high intensity exercise were monitored using 31 P-MRS. Muscle oxygenation was monitored using near-infrared spectroscopy. however, muscle deoxygenation was faster in children than adults. Control of oxidative metabolism is similar in children and adults, but this is associated with a more precise matching of muscle oxygenation to metabolic demand in adults at the onset of high intensity quadriceps exercise.
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Given that exercising children are characterized by a higher intra-cellular pH (15) (16) (17) and a greater mass specific muscle blood flow (and thus O 2 delivery) in the vastus lateralis muscle (18) , compared to older children or adults, it is conceivable that at higher exercise intensities differences in metabolic control at exercise onset might be observed between children and adults. Indeed, the data of Zanconato et al. (16) , albeit during incremental exercise, support this contention. These authors found no child-adult differences in the profiles of muscle P i /PCr or pH during moderate intensity work-rates, but during exercise above the muscles' P i /PCr IT, noted a lower rate of change of P i /PCr and pH in children. Thus, there might exist an exercise intensity dependence of age-related differences in metabolic control at the onset of exercise between children and adults, although no data are currently available for high intensity exercise.
The aim of this study therefore was to non-invasively examine the kinetics of muscle PCr, using 31 P-MRS, and muscle oxygenation, using near-infrared spectroscopy (NIRS), during high intensity quadriceps exercise in children and adults. Muscle oxygenation was monitored using the deoxyhaemoglobin/myoglobin (HHb) signal which provides information on the balance between muscle O 2 delivery and utilization within the microcirculation (19) . It was hypothesized that children would display more rapid muscle PCr kinetics and a reduced muscle PCr slow component compared to adults; and that the PCr slow component would be associated with a reduced HHb slow component in children, reflective of an enhanced muscle oxygenation.
Methods

Participants
Eleven children (six boys and five girls, 13 1 yrs) and eleven adults (six men and five women, 24 4 yrs) volunteered to participate in the study, which was approved by the institutional ethics board. Adult participants and parents or guardians of child participants gave written, informed consent, and children provided written assent to participate. All participants were healthy and recreationally active in sports including netball, soccer, martial arts, and dance.
Stature and seated height for all participants were measured using a stadiometer (Holtain, Crymych, Dyfed, UK), and body mass was measured using a calibrated beam balance scale (Avery, Birmingham, UK). Age was calculated from the date of the first test, and maturity was estimated using the methods described by Mirwald et al. (20) and expressed as the estimated time in years from the age at peak height velocity (YAPHV).
Before data collection, each participant completed a number of familiarization sessions on a replica of the quadriceps ergometer within a scale model of the MR scanner. These sessions included rehearsal of tests identical to the tests performed during data collection. Participants visited the laboratory at the centre three to five times to complete data collection.
Experimental protocol
Exercise was conducted on a custom-built quadriceps ergometer within a 1.5 T MR scanner (Phillips Gyroscan Intera), with a 6 cm 31 P transmit-receive coil affixed to the bed under the right quadriceps muscle group (primarily over the rectus femoris muscle) and a NIRS probe securely fixed over the vastus lateralis muscle. Both were positioned midway between the hip and knee joints. The ergometer and related measurement methods have been described previously (21) .
Each participant first completed an incremental test to exhaustion using the right leg.
The test began with a load of 5 N in the ergometer basket, and the load was increased by 5 N·min -1 until the participant was unable to maintain the cadence or range of motion required or until the participant was exhausted. P i /PCr over the test was plotted against power output, allowing two independent investigators to identify an IT, as described by
Barker and colleagues (21) .
After this test, participants completed two to four constant work rate bouts, each separated by at least 48 hours. These constant work rate bouts consisted of two minutes of resting data collection and seven minutes of work at an intensity corresponding to 20% of the difference between the workload at the intracellular P i /PCr threshold and the maximal workload (i.e. 20% Δ).
P-MRS measurements
Prior to exercise testing, gradient echo images were initially acquired to ascertain the position of the muscle relative to the coil. Matching and tuning of the coil was then carried out, followed by an automatic shimming protocol on the signal volume that defined the quadriceps muscle, so as to optimize the signal from the muscle under investigation.
During the test protocol 31 P spectra were obtained using an adiabatic pulse every 1.5 s, with a spectral width of 1500 Hz and 512 data points. Phase cycling with four phase cycles was employed, leading the acquisition of spectra every six s. The areas of the spectra acquired were then quantified using a non-linear least squares peak-fitting software package (jMRUI Software, version 2.0) (22) Where K CK is the equilibrium constant for the creatine kinase reaction, which was assumed to be 1.66 x 10 9 . The shift in the P i peak relative to the PCr peak was used to calculate intracellular pH (32) .
NIRS Measurements
Changes in deoxygenated haemoglobin/myoglobin were measured using a commercially available near-infrared spectroscopy device (NIRO-300, Hamamatsu
Photonics KK). The NIRS system used in this investigation uses spatially resolved spectroscopy, and consists of pulsed laser diodes transmitting light at wavelengths 775, 810, 850, and 910 nm through a fibre bundle to the skin. The laser light is emitted at a pulse width of 100ns and a repetition rate of 2 kHz for each wavelength. The emitter is housed in a dark probe which also contains the detector, and thus ensures a consistent emitter-detector separation of 4 cm. Reflected and scattered light is detected by a three segment photodiode chip as described by Suzuki et al. (33) . The probe housing the optodes was placed midway between the greater trochanter and lateral epicodyle of the femur, over the vastus lateralis muscle. The probe was fixed using adhesive tape and extraneous light was excluded using layers of elastic bandage around the thigh. HHb data was interpolated to 1s intervals and expressed as a change, in arbitrary units (AU) from resting baseline.
Modeling of PCr and HHb data
PCr data, in 6 s time bins, were represented as a percent change from resting baseline.
Data for each transition were filtered for outliers. Outliers were identified using a rolling mean of five previous data points -any point that lay outside four standard deviations from this local mean was deleted (6) . All transitions for each subject were time-aligned and averaged and modeled using non-linear regression to fit an exponential function of the form:
Where PCr (0) is the baseline PCr concentration, ΔPCr ss is the projected steady-state difference in PCr from PCr (0) , t is time, the independent variable, and τ is the time 
Statistical Analysis
Results are presented as mean ± standard deviation. Each variable was tested for normal distribution using the Shapiro-Wilkes statistic. Two-by-two factorial ANOVA was used to identify group differences, with follow-up testing by planned independent two-sided t-tests (equal variances assumed) with Bonferroni correction. Resting and exercise
[PCr], pH, and HHb were compared using dependent t-tests. An initial alpha level of 0.05 was used. During follow-up testing, significance was accepted at p≤0.01, due to the Bonferroni correction. Analyses were carried out using SPSS version 11.0.
Results
Participant Characteristics
Peripubertal children aged 13 ± 1 yr were compared with adults aged 24 ± 4 yrs. Boys and girls were similar in stature (boys: 1.50 ± 0.04 m, girls: 1.55 ± 0.12 m) and mass (boys: 42.6 ± 3.7 kg, girls: 44.7 ± 10.6 kg), while men were both taller (1.81 ± 0.08 m) and heavier (80.9 ± 11.8) than women (stature: 1.53 ± 0.08, mass: 54.0 ± 4.6 kg). Girls were significantly more mature than boys, (0.7 ± 1.5 YAPHV and -1.4 ± 0.1 YAPHV, respectively; p<0.01).
Power output
Power output during the constant-load exercise bouts was 19 ± 4 W in men, 15 ± 1 W in women, 12 ± 2 W in girls, and 12 ± 2 W in boys. Two-by-two factorial ANOVA revealed significant main effects for age (p<0.01) and sex (p=0.04), and a significant interaction effect (p=0.01). Power output was significantly higher in men than women (p=0.01) and men than boys (p<0.01), but was not different in boys and girls (p=0.53), or in women and girls (p=0.04). The overall work rate relative to the IT for P i /PCr was 28%Δ, with no significant differences between groups. The power output did not differ from the target power output in men (18 ± 3 W, p=0.21), women (13 ± 1 W, p=0.16), boys (11 ± 2 W, p=0.32) or girls (12 ± 2 W, p=0.37).
Muscle Phosphates
The parameters of the PCr response to square-wave exercise can be seen in Table 1, with average profiles illustrated in Figure 3 demonstrated this to be significantly higher in females than males (p=0.01), and children than adults (p=0.01) with no significant interaction effect (p=0.19). Resting
[ADP] was 5 ± 1 µM in boys, 6 ± 1 µM in girls, 4 ± 1 µM in men, and 4 ± 2 µM in women, which was higher in children than adults (p<0.01), with no sex (p=0.43) or interaction effects (p=0.72). End-exercise [ADP] was 38 ± 9 µM in boys, 50 ± 17 µM in girls, 37 ± 14 µM in men, and 55 ± 17 µM in women. This is significantly greater in females than males (p=0.02), but no age effects (p=0.72) or interaction effects (p=0.60)
were identified.
pH Figure 4 shows the group average pH responses for men, women, boys, and girls.
Resting pH was 7.08 ± 0.02 in boys, 7.09 ± 0.02 in girls, 7.04 ± 0.02 in men, and 7.00 ± 0.02 in women. A main effect for sex was not found in resting pH (p=0.08), but resting pH was higher in children (p<0.01), and an interaction between age and sex was found (p=0.02). Independent t-tests revealed that resting pH was significantly higher in girls than women, (p<0.01) but did not find any significant differences between men and women (p=0.01), boys and girls (p=0.62), or men and boys (p=0.04). End-exercise pH was 6.98 ± 0.06 in boys, 6.93 ± 0.07 in girls, 6.98 ± 0.07 in men and 6.97 ± 0.03 in women, and there were no main age (p=0.29) or sex effects (p=0.34), and no interaction effects (p=0.33). Children's higher resting pH was reflected in a greater decline in pH in children compared with adults (p=0.01). The decrease in pH over the exercise bout was significant in boys (0.10 ± 0.08, p=0.03) and girls (0.16 ± 0.07, p=0.01) but not in men (0.06 ± 0.07, p=0.11) or women (0.03 ± 0.04, p=0.18).
HHb Kinetics
Muscle deoxygenation initially decreased, before increasing in an exponential-like manner for approximately 45 s. Trends toward slower responses in adults compared to children were apparent for both the time delay and the time constant (Table 2 ). This resulted in children having a significantly faster mean response time compared to adults. Varied responses during the final phase of the exercise bout were seen in both adults and children ( Figure 5 ). Thirteen participants had an upward HHb (7 children and 6 adults), 6 maintain a steady-state plateau (2 children and 4 adults) and 3 displayed a fall in HHb towards end-exercise (2 children and 1 adults).
Discussion
This is the first study to examine muscle phosphates and oxygenation during high intensity quadriceps muscle exercise in children and adults. It was hypothesized that children would display more rapid muscle PCr kinetics and a reduced muscle PCr slow component compared to adults, and that the PCr slow component would be associated with a reduced HHb slow component in children. However, none of these hypotheses were supported by the experimental results. There were no differences in PCr kinetics in children and adults, and the HHb slow component was also similar in children and adults. However, the MRT for haemoglobin/myoglobin deoxygenation was faster in children than adults, which implicates subtle age-related difference in the matching of muscle blood flow to metabolic rate at exercise onset. The [PCr] cost per watt was higher in females than males, and in children than adults, suggesting either a decreased oxidative capacity or an impaired exercise efficiency in these groups. Reduced mitochondrial content is associated with a greater PCr cost for an equivalent change in exercise intensity (41) , which would suggest that mitochondrial capacity is lower in children compared with adults. This is contrary to previous reports of greater oxidative capacity in children (17, 29) , and suggestions that oxidative capacity might be higher in women than men (42) . The similar PCr kinetics in all groups in the current study also fails to support this possibility. Thus, a difference in exercise efficiency seems a more likely explanation for this finding. Sex differences in muscle efficiency have not been found for treadmill exercise in adults (43) . However, sex differences in fatigue during short-term, high intensity exercise in adults are commonly reported, and have been attributed to differences in the leg vasodilatory response (44), differences in fibre-type (45), or muscle activation patterns (46) . Any of these factors might have contributed to the greater PCr cost of exercise in females compared with males in the current study. The oxygen cost of supra-threshold exercise is higher in children than adults during high-intensity exercise (47) , but the causes of this are unclear. The differences in the current study seem to suggest a loss of efficiency or economy during quadriceps exercise in females compared with males, and in children compared with adults, which requires further investigation.
Muscle Phosphates
This is the first study to examine the slow component of the PCr response in children, and found that the amplitude of this phase of the response was not significantly different from adults, representing 23 ± 23% and 17 ± 13% of the total change in PCr
respectively. An attenuated p 
Muscle Oxygenation
To the best of our knowledge, this study is the first to examine the kinetics of HHb in children. In both children and adults, the response was triphasic, as previously reported for adults (19) , with a delay preceding an apparently exponential increase in deoxygenation. Finally, a plateau or more gradual increase or decrease in oxygenation was seen. Initially, a decrease in HHb was seen in all participants, which is indicative of surplus oxygen delivery relative to demand within the microcirculation. This might be the result of the muscle pump, and/or might reflect mechanical expansion of small blood vessels with the onset of muscle contractions. The duration of this phase was shorter in females compared with males. These novel findings might indicate that the matching of delivery to oxygen demand is more precise in males. Future studies should use multiple NIRS probes to investigate possible age and sex differences in muscle oxygen delivery and extraction heterogeneity.
Following this delay, an exponential-like increase in HHb was seen in all participants.
There were no differences between groups in the speed of this response, as indicated by similar time constants for all groups. However, the MRT encompasses both the duration of the delay and the time constant for the exponential increase in HHb, and is a more functionally relevant measure of the speed of muscle deoxygenation kinetics. The MRT was significantly faster in children (22 ± 4 s) than adults (27 ± 7 s). In adults, there is some suggestion that greater oxygen delivery, as in upright compared to supine cycling, results in slower HHb kinetics (35) . Thus children's faster kinetics may reflect an impaired oxygen delivery at exercise onset. However, it is likely that age differences in oxygen extraction also play an important role in determining the speed of the HHb response (19, 55) . A faster muscle deoxygenation in children suggests that children are less able to match oxygen delivery to the fuel demands of the working muscle at exercise onset.
The third phase of muscle deoxygenation was particularly interesting in children and adults, since considerable variation was evident not only in the magnitude of the change, but also in the direction of the change. In some individuals, HHb continued to increase after the exponential phase, sometimes by over 100%, while other responses showed a plateau or even a decrease. This observation reflects the considerable interindividual variability in the ability to match oxygen delivery to oxygen demandthose who were able to maintain a plateau had the most precise matching. This phase of the response has been the focus of scant discussion in the literature, but is typically reported as either a plateau or a slow-component-like increase during cycling exercise (34, 35) . The amplitude of this phase of the response was expected to be lower in children than adults, based on a longitudinal study by Koch (18) which used Xenon-133 labelling to examine muscle blood flow during cycling exercise in children. Koch found that muscle blood flow decreased from 12 to 14 yrs in boys, and proposed a greater muscle blood flow in young children. However, in the present study, changes in HHb during the final phase were independent of age and sex. The nature and causes of the varied response in both children and adults warrant further investigation.
Considerations
There are several limitations to this study that merit discussion. First, the potential confounds of activity and maturation must be discussed. All individuals recruited for the study participated in recreational activities including soccer, dancing, jogging, and martial arts. However, it was not practical to quantify habitual physical activity.
Differences in training or fitness are associated with changes in PCr kinetics as well as muscle blood flow (56, 57) . Another potential confound was the maturational status of the child participants. The boys, at 1.4 ± 0.1 yrs before peak height velocity, and the girls, at 0.7 ± 1.5 yrs after peak height velocity, were probably experiencing many of the physiological changes related to puberty, including hormonal changes. In humans, particularly males, a number of changes in muscle size and morphology are associated with puberty, and there is some suggestion that hormones might affect muscle structure and function (58) .
Exercise intensity was also assumed to be comparable in all individuals. All participants were assigned a load above their IT for P i /PCr. However, critical power (CP), which
demarcates the boundary between heavy and severe exercise (59), was not determined in this study. The [PCr] and pH responses to sub-CP exercise differ profoundly from
[PCr] and pH responses to exercise above CP (59) . Children have a smaller interval between the IT and CP, so it was important to minimize the risk of setting exercise intensity above CP.
In conclusion, we hypothesized that during high intensity quadriceps exercise, children would have faster PCr kinetics, a reduced PCr slow component amplitude, and a greater HHb slow component than adults. However, this study found that during exercise at an intensity greater than the IT for P i /PCr, children and adults show similar PCr kinetics. A PCr slow component was identified in children for the first time, and found to be similar in amplitude to the slow component in adults. Consistent with the findings of Barker et al. (12) for moderate-intensity exercise, metabolic control appears to be adult-like in 13 yr old children during high intensity exercise. The kinetics of muscle HHb, measured using NIRS, were significantly faster in children than adults, implying that oxygen delivery is less closely matched to oxygen extraction in children at the onset of exercise.
The results of this study suggest that skeletal muscle metabolism is similar in children and adults during high intensity exercise, and that future research should examine agerelated differences in muscle oxygenation during exercise. 
